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ABSTRACT
SPOT WELD-ABILITY OF PAINT-COATED STEELS
Naveen Reddy Alla, MS
Department of Mechanical Engineering
Northern Illinois University, 2015
Federico Sciammerella, Director

Welding paint-coated steels is always a challenging task to perform because most forms
of sheet metal come coated with a non-weldable primer. Though there are many welding
processes, spot welding is more frequently used because of the economic advantages like
portability, no filler material requirement, easy operation, faster performance, and higher
accuracy. Developing a rapid and efficient paint removal process, experiments were conducted in
the lab using a continuous-wave IPG laser to ablate paint where welding will occur. Transient
thermal analysis in ANSYS APDL was used to quantify the paint ablation parameters and to
determine the thermal profile caused by the laser energy. FEM results were compared to physical
experiments conducted in the lab. Spot welding was carried out for the laser ablated samples
using a MILLER LMSW 52-T welder. MTS Quantitative Pull Tests and metallography study
was done to determine the optimum weld properties and over all weld quality.
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CHAPTER 1
INTRODUCTION

Sheet metal joining is the fabrication process that is used in various sectors of industry
including transportation, aerospace, and biomedicine. Riveting and using screws and nuts is also
used for joining sheets, but out of all these welding is the primary process for sheet metal
joining. There are many welding processes for joining sheet metals like resistance spot welding,
arc welding, and brazing. Though there are many welding processes, resistance spot welding is
more frequently used because of the advantages like easy to carry, no filler material requirement,
easy operation, and faster performance.
Other resistance welding processes include resistance seam welding, resistance projection
welding, and resistance butt welding.

1.1 Resistance Spot Welding

Resistance spot welding is the process in which two materials are joined through heating
by the application of electric current and pressure over a given weld time. Conductive electrodes
are used for passing current and creating pressure by holding the parts to be connected together.
Below Figure 1 shows the working of a resistance spot welder.
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Figure 1:

Principle of conventional spot welder [1]

Due to the amount of heat produced, materials are connected through melting: the amount of heat
depends on the Joule-heating principle:
[1]
Joule’s law gives the information about the amount of heat that is produced when we apply the
current (i) for the resistance R over the time t.

1.1.1 Effect of weld parameters

The weld is formed due to heat generation, which is dependent on current, resistance, and
time. The other important parameters are the type of materials; thickness of the materials; length
of the electrode tongs; electrode force; and geometry of the electrode tip, surface coating, and
welding power supply characteristics. These parameters play an important role in determining
the spot weld size and strength.
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1.2 Thought Process

Considering all the operational and the economic advantages of resistance spot welding
compared to other metal joining processes, resistance spot welding is related to the strong weld
formation. To produce a strong weld, that material must have good electrical properties.
Therefore this process can only be used in materials that are conductive in nature. Generally
materials are coated with paints for appearance and to overcome the corrosion problem.
This problem can be overcome by using a weldable primer that has electrical conductive
properties. But weldable primers are expensive to use.
Conventional practices that are frequently used in removing paint rely on scratch paper
with high roughness or blade-type tools to peel the paint or to decompose the paint in
concentrated chemical solvents for a certain amount of time. Flame heating with heat guns has
also commonly been used and is a fairly fast process, but it is hazardous and requires skilled
labor.
The conventional methods that are used for welding non-weldable primers are to remove
the paint on the region that needs to be welded, which is time-consuming and not suitable for
mass production.
In the current study, an empirical method has been developed to spot weld the nonweldable, primer-coated steels by using laser power. Here laser power is used to remove the
paint.
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1.3 Laser
“LASER means Light Amplification by Stimulated Emission of Radiation, and it is a
device that emits light through a process of optical amplification based on the stimulated
emission of electromagnetic radiation” [2]. With the fast growing technology lasers are being
used everywhere in mechanical applications such as machining, 3D printing, and inspection.

1.3.1 Basic components of laser

The three important basic components are the active medium, pumping source, and
optical resonator. The active medium helps to amplify the light, and the pumping source is for
exciting the active medium. The entire feedback is observed with the optical resonator [3].
1.4 Laser Machining

Laser beam machining, micro machining, laser marking, and welding are the processes in
which high power laser beam light is used for a certain period of time. Laser paint ablation is the
process of removing the paint using the laser energy.

Figure 2: Main components of laser machining [4]
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1.4.1 Types of laser for material processing

CO2, Nd:YAG, Fiber lasers, Excimer, and diode are the main lasers used for material
processing purposes [3].

1.4.2 Modes of laser paint ablation

Different laser modes that are used for the paint ablation are continuous-wave laser and
pulsed lasers. In continuous lasers, a beam of light with energy continuously falls on the target
and ablates the paint. The beam has the same output energy over time. Pulsed lasers are those in
which laser energy projects repeatedly onto the target in pulses and at given rates or frequency.
Nd:YAG, Fiber diode, CO2 TEA are some the lasers that are commonly used for paint ablation.
Below Figure 3 shows how the paint is removed by laser ablation.
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Figure 3:

Paint removal by laser ablation [5]

1.4.3 Advantages of laser paint ablation

Paint can be removed on any component without adversely affecting or damaging the
material underneath. Paint can be removed with precision and efficiency. Paint with different
thicknesses can be ablated. Paint or rust that is present at hollow drill holes can also be removed.
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1.4.4 Laser parameters and ablation efficiency

The ablation efficiency is that amount of paint that is removed by the beam of laser over
a certain time period. Laser ablation efficiency depends on the laser processing parameters like
power intensity, working clearance, time, and working material properties. It also mainly
depends on the angle of incidence, nature of the surface, and its reflective properties.

1.4.5 Laser beam characteristics

Beam length, collimator length, focusing distance, wave length, mode, and beam
diameter are the important beam characteristics. The type of laser has to be selected based on its
suitable operation.
The lasers that are mainly used for the paint ablation have the Gaussian beam profile.
This type has the maximum power intensity at the center, and it spreads along a circular axis
decreasing in intensity along the coordinate axis [3].

1.4.6 Operating characteristics

Laser Power, speed, time are the important parameters that determine the ablation
efficiency. The other characteristics are spot size and mode, polarization, wavelength, speed,
focal position and joint geometries. The operating characteristics are to be monitored to get the
desired output [3].

1.5 Literature Review

A list of relevant prior work pertinent to this project is noted in the list below.
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Schmidt [6] in his work used continuous wave (CW) high power diode laser for the
ablation of chlorinated elastic and epoxy gum sort paints from cement and steel surfaces. Process
attributes, economic issues, and different viable matters were explained. The paint removal rates
for both coatings were basically the same and lie in the range of 250 mm3/s at 2.5 kW, power
specific removal rate of 100 mm3/s.
Yuvraj K Madhukar [7] in this paper observed the effect of laser operating mode in paint
removal using Yb:Fiber laser in both continuous wave and pulsed wave modes. Specific energy
depends on the laser processing parameters, mainly laser power and speed. Ablation efficiency
depends on plume that is formed when laser hits the target during the paint removal process.
Laser plume was modeled by considering the specific energy as constant During the research
study laser power loss is mainly due to energy losses in plume which can be reduced by
increasing the speed in continuous wave mode and by increasing time interval and shortening the
laser pulse time for pulsed laser mode [7].
Yuvraj K Madhukar in his paper provided a literature report on the types of lasers used to
remove different paint surfaces .The different modes of operation with the specific energies were
also given below in Figure 4.
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Figure 4:

List of prior work for laser paint removal [7]

Y.J.Chao [8] in his paper analyzed the basic failure modes (nugget pull out and interfacial
failure) of typical spot welds (lap shear and cross tension samples) both theoretically and
practically. He proposed the strong weld conditions which will have accepted failure mode
(nugget pull out) at the peak loads.
S.S.Dong [9] in this paper used flatted top laser and Nd:YAG Q switched laser to remove
the paint at the material substrate. The laser spot diameter for these two lasers under different
working parameters was studied. Experiments and results for three different diameters were
compared .The results shows that the flattened top laser’s quality and efficiency are superior and
good clean finishing is obtained with flattened lasers when compared to Nd:Yag pulsed laser.
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For the single pulse laser relative efficiencies of flattened lasers increased with increase in the
spot diameter. To obtain the flattened top laser, setting the beam passing through the spherical
aberration lens. Temperature distribution, power intensity, displacement force, and stress at the
painted surface and material was analyzed using finite element analysis.
G.Chen [10] compared the economic, environmental and surface finish between laser
cleaning and conventional methods. In this study CO2 laser was used on the slab surface. Author
analyzed that power density is the primary variable in the paint removing process. With the
continuous increase in the power there is a decrease in the roughness and improvement in surface
finish. The roughness value increases after exceeding power of 19 kW. Acetone solvent and
abrasive paper is used as a conventional process to remove paint.
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1.6 Experimental Setup Organization for Thesis

Below Figure 5 explains the thesis work flow.

Figure 5:

Experimental organization for thesis

1.7 Objectives

Below are the objectives at every phase of work.
•

To ablate the paint on the steel without effecting the steel material underneath.

•

Select the optimum ablation parameters using a quality index tool.
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•

Conduct transient thermal analysis for the model and finding out the laser intensity,
temperature distribution and heat flux for the given time and power. Validating the
experimental parameters through finite element analysis.

•

Quantify weld properties and overall weld quality of laser-ablated samples.

•

Develop an empirical method and providing a viable solution for spot welding of paintcoated steels.

Chapter 2 explains about the order of which the experiments were conducted with relative
quality test and chapter 3 deals with the finite element simulations and analysis. Theoretical
calculations for the spot diameter also discussed. The results for the experimental work and FEA
analysis were discussed in chapter 4.Future scope and the conclusions are discussed in chapter 5.

CHAPTER 2
EXPERIMENTAL PROCEDURES

2.1 Spot Welding of Painted Steel

The painted steel which has weld-able primer on one side and non-weld-able on the
other was welded with a Miller spot welder LMSW 52T. The painted steel was placed on the
bottom electrode with weld-able primer side facing down and in contact with the bottom
electrode tip, while the galvanized piece was placed on the top. Figure 1 shows the spot welding
system that was used for the welds.

Figure 6:

Spot welding power supply

The pressure has been maintained between 70 and 90 k psi with different weld times and
5800 ampere current. One phase of the weld is equal to 50 - 60 cycles.
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Welding was attempted between the non-conductive paint layer side while in contact with
the galvanized brace. However, a weld was not formed due to the insulating property of the nonconductive paint. This led to the paint removal which prevents the formation of the weld. A few
different methods were considered (bead blasting, grinding, laser ablation) to remove the paint
coating but ablation by laser was considered due to the rapid speed of the process and the ease in
which equipment could be integrated into any production line. It has a good future scope with the
fast developing laser technology industry.

2.2 Bead Blasting Removal and Weld

The non-conductive paint which was preventing welding was removed with the help of
a bead blasting apparatus. Bead blasting projects a pressurized abrasive powder on the
painted area. Consistent paint removal could be achieved with the process and strong welds
could be made on the material, but the process uses granular media which is problematic in
trying to discard after the paint is removed. Therefore, laser ablation was considered due to its
relative cleanliness and versatility. An example of a bead-blasted sheet metal coupon is shown
in Figure 7.
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Figure 7:

Bead-blasted sheet metal coupon

2.3 Laser Ablation

The process of laser ablation uses focused light energy to remove matter off the surface
of a substrate through evaporation. It is a highly efficient method for paint removal and was,
thus, utilized for this purpose during experimentation.
2.3.1 Type of laser

IPG YLR-3000 diode laser, continuous wave.

2.3.2 Type of lens

PLCX-50.8-72.1-UV.
It is a spherical fused-silica Plano-convex lens with specifications with 50.8mm diameter
and a radius of curvature of 72.1mm. In this laser ablation process a series of runs had been
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conducted to find out the optimum power input, dwell time and clearance between the work
piece and the focusing lens.

2.3.3 Power conversion for the IPG YLS laser

For every laser operation the input power given is different than the power that is observed at the
target surface. According to the laser beam characteristics and operating conditions. Below
equation helps to determine the output power measured.
(

)

Here X is the input power and Y is the measured power.
For the laser input value there will be a different laser output power measured. A
Coherent thermopile sensor was used for measuring the current output laser power levels for the
experimental ablation. For the global use, measured laser power has to be taken in to
consideration. Below Table 1 gives the values of measured laser power for the given laser power
input.
Table 1
Power Measurements Results Via Coherent Thermopile Sensor
Laser Power Input, W
200
250
300
350
400
450
500
550

Measured Laser Power, W*
51
100
147
194
242
290
337
385
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2.3.4 Laser parameters

The relevant input parameters for the laser ablation process included laser power input,
standoff distance, laser spot diameter, and laser pulse duration. The relevant measurable outputs
from the process included laser power (measured via thermopile), percentage of melted spot,
ablation spot diameter, and the percentage of paint removed in the spot compared to a standard
area size (0.0625 in2). Table 2 shows the relevant input and output parameters for laser ablation.
An example of a laser-ablated sheet metal coupon is shown in Figure 8.
Table 2
List of Relevant Parameters Used For Laser Ablation Process
Input parameters:
Laser power input
Stand-off distance
Laser spot diameter
Laser pulse duration

Figure 8:

Output parameters:
Measured laser power
Percentage of melted in spot
Ablation spot diameter
Percentage of paint removed in spot

Laser ablation result on sheet metal coupon.

A design of experiments was developed by varying the considered input parameters. The
aim for the spot size was between 0.187 to 0.25 inch diameters since the electrode tips have the
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same range of diameter. To avoid corrosion on the steel sheet immediately beyond the ablated
spot, the allowable ablated diameter was less than 0.25 inches.

2.4 Quality Index Tool

A tool was developed with the help of the IMAGE J software to obtain the optimum
parameters of the laser ablation. The optimum characteristics that have been set were 0.0625 inch
square surface area spot size with maximum amount of paint removed in it. The laser parameters
that satisfied the requirements with no melted regions on it were selected for the spot welding.
Figure 9 shows the screen for the index tool along with a measurement.
2.4.1 Target outputs for quality using Image J

·

The paint removed area on the sheet metal should below the 0.0625 inch square.

·

Very clean edges

·

No melted regions or damages for the base metal.
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Figure 9:

Quality index tool used to rank laser ablation results (Image J software).

2.5 Spot Welding of Laser Ablated Steel

The laser ablation parameters that were selected were then used on the sheet metal and
then welded with the resistance spot welding (RSW) power supply. Schematics showing the
electrode configuration and tip dimensions are shown in Figure 10.
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Figure 10:

Resistance spot welding schematics

•

Machine model: Miller LMSW 52T.

•

Electrodes: copper alloy electrodes with 12 inch and 18 inch long.

•

Welding parameters: Dwell time, electrode force and current.

•

Two different thickness (1.45 and 2.25mm) galvanized pieces are welded with base metal at

different welding parameters.
Figure 6 shows two welded coupons that were welded using the Miller LMSW 52T power
supply.

Figure 11:

Laser-ablated sheet metal samples spot welded to Galvanized brace pieces.
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2.6 Different Modes of Failure by Pull Tests

The spot welds that were produced were then tested and analyzed based on the method
developed by Chao. According to Chao, welds are characterized as either being nugget pullout
failures or interfacial failures. This characterization is illustrated in Figure 12.

Figure 12: Characterization of spot Weld failures (Chao) [8].

2.6.1 Interfacial mode failure
“This mode is caused by the interfacial fracture in the presence of a stress concentration
near the notch of the spot weld. The governing property of this mode is fracture toughness of the
weld metal. Generally welds with small diameter or welds with large thickness sheets
experience this mode of failure” [8].

2.6.2 Pull out nugget failure
“In this mode, a weld nugget, or button, is completely pulled out leaving a hole. The
governing property of this mode is the shear strength of the surrounding base metal or heataffected zone around the weld. The pull out failure mode usually happens with less thick
material with large nugget size.”[8]

22

Interfacial mode failure occurs at smaller loads and is not suited for bearing high loads with
bending and torsion. Usually interfacial failure mode causing weld parameters are avoided by
those in the manufacturing industry [8].
It is hard to test the weld’s manual pull tests, so a quantitative pull-test was developed
and implemented. The two pieces that were to be pulled out were held in place with lower and
upper grips of a hydraulic MTS testing machine. Load information was collected during the test,
which can, therefore, be used in calculations of shear strength of heat affected zone or base metal
regions when the weld fails as a nugget pull-out. In the case that an interfacial failure occurred,
fracture toughness can be estimated from the test results. Very few of the welds
failed interfacially, so the calculation of fracture toughness was not carried out.

2.7 Quantitative Pull Test

The testing of the resistance spot weld’s quality and nugget formation is done by manual
pull testing. These pull test analyses give the information about whether the weld failed by
interfacial mode or via nugget pull out failure mode. The only measurable quantities from this
test are button diameter, electrode indentation, and button height. However, it does not provide
the most important measurement in determining shear strength: peak load.
To quantify data from pull tests, a quantitative pull test was developed on an MTS tensile
testing machine that would allow for peak load to be measured so that shear strength of the weld
zone could be calculated. Figure 13 shows the equipment as well as a sample that was tested by
the equipment.


Machine used - MTS 810 testing machine, flex work station.



Loading type- Monotonic type loading
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Rate: 1mm/sec ,i.e. axial movement speed



Sampling rate: 0.09sec. It is the time between the points at which data is collected.



Outputs: Display force, strain and time.

Figure 13:

Quantitative pull-test mechanism (left), and nugget pullout result (right).

Axial force is applied to pull out the two pieces of sheet metal away from each other.
Axial force and displacement with respect to time is generated and shear stress is calculated at
every stage. Figure 14 demonstrates how the dimensions of the nugget pullout were measured
after pull testing.
.
(

)
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Figure 14: Dimensional measurement technique of nugget pullout.
The quantitative pull-test can yield the maximum force that is required to pull the weld,
the weld failure mode, and the shear strength of the surrounding material in the case of a nugget
pull-out scenario.
Below figure 15 shows the sample stress vs. time graph that is potted from the pull test
results for one of the ablation sample. The time is taken along the x-axis and the stress is
considered along the y-axis.

shear stress vs time
80

max.stress

stress,N/mm2

70
60
50
40
30

shear stress vs time

20
10
0
0

10

20
time,sec

Figure 15:

Stress vs. Strain plot for MTS tests
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2.8 Ablation Percentage Study

The weld quality mainly depends on the parameters like welding current, time, pressure
and material used. A circular notch is present around the annulus of the spot weld, and the nature
or geometry of this notch has implications regarding load bearing capacity and weld
strength. Blunt notches are preferred over sharp notches, and incidentally, larger weld diameters
generally have blunt notches. The appearance of these notches was investigated.
Corrosion at the weld plays an important role in determining the
weld service life. During the laser ablation stage, laser spot sizes that are less than the size of the
electrode (i.e. 0.25 inches) diameter were set as one of the outputs and the related ablation
parameters were considered. If paint ablated space is present around it even after the welding is
done for the ablated spot there is a high probability of corrosion around the nugget between the
two joined materials.
The experimental study that was done to know the state of paint and notch sensitivity condition
around the weld and between the materials helped to understand the quality of the welds in
detail. This also aided in knowing the corrosion potential of the weld.
Resistance spot welding is done for all the laser ablation parameters. Welding parameters
that were set were 5800 Ampere current, 70-80 K psi pressure, 1.5 seconds dwell time. To
optimize the ablation technique, several different percentages of ablation of the 0.0625 in2 area
were compared. The results of these ablation tests are shown in Figure 10 where 30, 40, 50, 60,
and 70% ablation surfaces are shown.
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Figure 16:

30% to 70% ablation results.

The spot welds that are produced are crossected using the fine cutter and these are made
in to the width size of less than 1-inch so that they could be held by the spring in the mounting
press when molded.

2.9 FEM Simulation Tool

A finite element analysis (FEA) software was used to determine the validity of using
laser ablation methods and was based on physical properties of the paint and steel used during
the experiments. ANSYS was used to create a finite element model (FEM) so as to determine
the thermal profile caused by the laser energy used for the ablation process. FEM results were
compared to physical experiments conducted in the lab.

2.10 Metallography

For the microscopic Scanning Electron Microscopy (SEM) analysis, the cross sectional
weld area must be neatly cleaned even without any micro cracks by polishing. Samples were
sectioned with a precision cutting disk. The samples were held by the mold during polishing.
One such sample is shown in Figure 11.
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Figure 17:

Welded sample that has been sectioned with a precision cutting disk.

Buehler mounting press was the molding equipment used.

Figure 18:

Buehler mount press
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Figure 19:

Mold sample with weld pieces

To create a mirror like fine finishing without any micro scratches they were polished with
400 and 800 grit papers. Powder Polishing with 0.1microns is done in a vibratory polisher over a
period of 12 hours.
An SEM was used to analyze the quality of the notch (the junction between the two
pieces of metal and the weld nugget). Sufficient protection was needed to prevent corrosion of
these welds. The results of this study are shown in Chapter 3.

Figure 20:

Scanning electron microscope (SEM) system (Hitachi TM-1000).
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The molds that were polished were tested and quality of weld is investigated through the SEM
analysis.

CHAPTER 3
RESULTS AND TESTS ANALYSIS
3.1 Analysis of Laser Ablation results

As per the design of experiments laser ablation was done with power input, stand-off
distance, and pulse time as the variation parameters. The quality index tool IMAGE J was used
to select the parameters for the welding. Finite element analysis was done to generate the design
of experiments relative to the experimental procedure.
Several parameters were varied, but to see trends, some parameters had to be held
constant. For instance, in Figure 21, we see ablated percentage vs. laser power input for a 1.5
inch standoff distance and 3 second dwell time. However in Figure 22, we see ablated
percentage vs. laser power input for a 1 inch standoff distance and 3 second dwell time.
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Figure 21:

Ablated percentage vs. laser power input. (A) 1.5 inches and pulse time 3 sec

ablated percentage

31

80
70
60
50
40
30
20
10
0
0

100

200

300

400

power input,watts

Figure 22:

Ablated percentage vs. power input. (B) 1 inches and pulse time 3 sec

One takeaway from Figures 13 and 14 is that ablation percentage increases with laser
power input. We realized that 3 second dwell time was limiting in some respects, so we adjusted
it accordingly. Figure 23 shows the result of a 1 inch standoff distance and 1 second dwell time.
This showed that a higher standoff distance was needed, and to keep consistent with analysis, we
changed dwell time back to 3 seconds (Figure 24).
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Figure 23:

Ablated percentage vs. power input. (C) 1 inches and pulse time 1 sec
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Figure 24:

Ablated percentage vs. power input. (D) 3.5 inches and pulse time 3 sec

Figure 25 shows the opposite side of the spectrum, where a 0.5 inch standoff distance
was used.
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Figure 25:

Ablated percentage vs. power input. (E) 0.5 inches and pulse time 1 sec

From the above graphs we observe the trend the spot size increases with increase in the
pulse time and the power input.
The final laser ablation results are shown in Table 3. These parameters were developed
specifically to develop a range of ablation percentages.
3.1.1 Final Laser Ablation results

Below Table 3 shows the final parameters that were considered to achieve different paint
ablation percentages. Respective power density and energy values are also given for the
parameters.
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Table 3
Final Laser Ablation Results (IPG YLR 3000)
ABLATION PARAMETES
ABLATION
PERCENTAGE

LASER
POWER
INPUT,
WATTS

DIST B/W WP
AND
NOZZLE,INCH

LASER
DWELL
TIME

Power
density,
KW/in2

Energy,
J

20

250

1

3

46.5

296

30

300

3.5

3

32.2

439

40

300

1.5

2

15.9

293

50

400

3.5

1

21.3

242

60

300

3

3

8.5

440

70

350

3

1

7.9

194
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Figure 26:

Laser power density vs. ablation percentage.

From the Graph (Figure 26) we observe that power density of the laser beam decreases
with increase in the spot diameter.
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Laser energy vs. Ablation percentage.

The energy required to ablate 20, 40, 50 and 70 percent were around 200 and 300 Joules.
But for 30 and 70 percent ablation values the energy required is high because when we
observe the parameters table (Table 3) related to the percentages the dwell time and power
both the parameters were high compared to other paint ablation percentage parameters
(Figure 27).

3.2 Theoretical Calculations for the Laser Spot Size Diameter:

Laser spot size is the diameter of the laser beam that is projected on to the target surface.
Generally, for the Gaussian beam, laser spot size varies along the width of the laser beam. A
general schematic of laser focusing is shown in Figure 28.
Laser spot size at the focal point = (
Laser spot size diameter is in mm,

)/
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Diameter of the laser spot size at focal point is 0.22mm.

Figure28:

Laser beam focusing schematic

We know the beam width, upon collimation, is 12mm and that the distance from the
focusing lens to the focal point is 140mm.
From the two known quantities we find the angle

.

As we know from the lens properties, the focal spot size will be 1.85 mm if the distance
of the nozzle from the spot is 8.636 mm which is 84.83mm for the lens.
Note: Throughout the experiments the lens is placed at the top of the nozzle gun which is
3 inch back from the tip of the nozzle.
Considering the inverted part of the upper triangle that is formed due to the beam
focusing at the focal point (refer to Figure 28), we are able to geometrically calculate the
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diameter of the laser beam as we move target closer to the focusing lens. As long as we know
the distance, y, we can calculate the laser spot size. Figure 29 is a representation of the nearfield spot size immediately above the focused spot size (0.22 mm seen at bottom of Figure 29).
This analysis is needed to determine any near-field (above focused spot) or any far-field (below
the focused spot) laser spot diameter. Also, knowing a given spot size, we can calculate the
distance, y, as shown in the text following Figure 29.

Figure 29:

Laser focusing schematic to determine distance from lens and laser spot diameter.

From the above figure,
(
Therefore, y=19 mm.

)
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Figure 30:

Overall schematic for laser ablation.

From the above calculations, for 1.85mm spot size, the distance of the spot size from the
focal point is 19mm .Therefore the distance of the 1.85mm spot size from the focusing lens is
140mm + 19mm = 159 mm. This is represented schematically in Figure 30. This distance is a
critical parameter because it takes out any “lab-based” components out of the formulation for
standoff distance. Remember, standoff distance was taken as the distance from the nozzles on
the lab equipment. For instance, a 3 inch standoff distance (76.4 mm) would have a height of
159 mm between the focusing lens and the painted sheet metal. This particular standoff distance
was found to be optimal for this particular laser optics configuration. Other optics may have to
be adjusted to suit the need of the operation. However, this provides a helpful first step in that
direction.
Generally, the parameter we considered for the laser ablation of paint material was 3-inch
(i.e. 76.2mm) standoff distance from the tip of the nozzle to the work piece. Figure 31 shows the
far-field laser spot schematic.

40

The distance of work piece from the focal point is 226.56mm- 140mm = 86.56mm.
The distance of work piece from the focusing lens is 226.56mm. (159mm8.636mm+76.2mm).

Figure 31:

Far-field divergence schematic for laser used for ablation.
(

)

Therefore, X=3.71mm.
From the diagram the spot size on the work piece for the 3 inch standoff distance from
the nozzle, i.e. 6 inch distance from the lens is 3.71+0.22+3.71=7.64mm.
Diameter of the spot =7.64mm
Therefore, the laser spot diameter that resulted in the best outcome was the 7.64 mm or
0.3 inches. Again, this is a parameter that would be consistent for other laser power supplies and
optics.

3.3 Laser Beam intensity

The Gaussian beam equation for the laser gives the power intensity of laser distribution
along the radius. The laser beam characteristics for the laser that is taken for the ablation process
is considered and a 3 dimensional plot is drawn.
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The laser beam intensity equation is
(

Where

)

is the laser beam density at the center of the beam. The spot that formed is

going to be circular in shape. The X and Y axes show the dimension for the spot size diameter.
The

is the effective beam radius which is 0.0001m for the fiber diode laser that is considered.
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2D Representation of laser intensity along the axis.

In the above Figure 32 the horizontal axis represents the length of the spot in meters.
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Figure 33:

3D Representation of Gaussian beam showing intensity along X, Y axis

From the graph we observe that the power at the center is maximum and it slowly reduces
down as we go along the axis.

3.4 Quantitative Pull Test (QPT) Analysis of Resistance Spot Welds

Pull test analysis is done for every weld sample to tests its mode of failure and load
bearing capacity.
A welding design of experiments (DOE) for the 2.25mm thickness galvanized piece with
0.65mm thickness base metal with different ablation parameters is shown in Table 5.
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Table 1
Mechanical Tests Showing the Shear Stress of Welds. 2.25 mm Thick Galvanized Brace Piece
WELDING
PARAMETERS
WELD
AMPS
PERCENTAGE
TIME,SEC
0.5
1
20
5800
1.5
0.5
1
30
5800
1.5
0.5
1
40
5800
1.5
0.5
1
50
5800
1.5
0.5
1
60
5800
1.5
0.5
1
70
5800
1.5
ABLATION

MAX.SHEAR Peak
STRESS
force
N/MM^2

N

67.82
67.52
76.81
67.21
66.17
75.6
65.42
66.18
75.97
66.48
67.58
75.89
67.46
66.96
74.62
68.18
68.38
78

569.44
572.15
672.59
584.65
613.79
702.08
635.35
641.78
718.29
638.45
640.12
720.25
671.4
675.67
636.83
642.95
700.43
659.13

A welding DOE for 1.45mm thickness galvanized piece with 0.65mm thickness base
metal with different ablation parameters is shown in Table 5.
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Table 2
Mechanical Tests Showing the Shear Stress of Welds. 1.45 mm Thick Galvanized Brace Piece
WELDING
PARAMETERS
WELD
AMPS
PERCENTAGE
TIME,SEC
0.5
1
20
5800
1.5
0.5
1
30
5800
1.5
0.5
1
40
5800
1.5
0.5
1
50
5800
1.5
0.5
1
60
5800
1.5
0.5
1
70
5800
1.5
ABLATION

MAX.SHEAR Peak
STRESS
force
N/MM^2

N

63.47
62.28
77.24
64.54
63.94
76.54
66.11
66.14
69.47
65.48
64.34
71.53
63.64
63.19
74.87
64.21
66.78
77.84

616.24
620.14
675.87
620.83
625.47
675.12
632.54
620.16
698.18
612.98
652.67
665.74
618.45
638.27
700.87
631.19
654.27
721.28

Graphs were plotted for the average peak load of each weld time for all the ablation
percentage samples. (Figure 30). The peak load required to break the welds are compared
between the welds done between 2.25mm and 1.45mm thick galvanized pieces.
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Peak load vs weld time
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Figure 34:

Peak load vs. weld time.

From the figure 34.we observe that the peak load required to pull out the base metal
increases with an increase in weld time. Peak load values of 1.45mm thick pieces lie slightly
below than 2.25 thickness galvanized weld samples.
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Peak Force vs Ablation Percentage
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Figure 35:

Peak load (force) vs. ablation percentage.

The above graph (Figure 31) gives the information of average peak force of different
weld time samples with respect to ablation percentage for two different thickness galvanized
pieces.
We observe that there is in peak load with the increase in the ablation percentage.
Results from the stress vs. strain diagrams were plotted and maximum shear stress values
were calculated for each test. An average of each weld time sample for all the ablation
percentages was considered and the graph is plotted between shear stress and weld time.
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Max Shear stress vs weld time
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Figure 36 :

Maximum shear stress vs. weld time.

The shear stress increases with increase in the weld time. We observe that 2.25 mm thick
weld samples has more shear stress than 1.45 mm galvanized weld samples. (Figure 32)
Figure 33 shows a graph relating ablation percentage samples to their corresponding
maximum shear stress values. For the shear stress calculation, average values for the
corresponding welds were taken (average of 0.5 sec,1 sec,1.5 sec).
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Max.shear stress vs Ablation percentage
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Figure 37:

Maximum shear stress vs. Ablation percentage.

3.5 Strength of the weld related to laser spot diameter (ablation percentage), material thickness
and weld time


During the pull test there is a nugget pull out failure on every sample that is done with the
designed parameters which suggests that the weld formed is very good and can with stand
heavy loads.



Comparing to the thickness of the material, large thickness materials have high peak
loads and more shear stress which shows that welds formed with thicker materials are
stronger for the same input parameters.
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Regarding the weld current parameters, weld strength increases with increase in the weld
time but when we go beyond weld time 1. 5 sec the weld is more distorted and is unclean
with void bubbles.
3.6 Metallographic analysis of spot welds:

The molds were polished so they could be investigated through SEM analysis. Figure 38
shows the result of the 30% ablation weld. Paint removal may pose some problems regarding
corrosion, so it became necessary to determine if the weld could become encapsulated by the
surrounding paint that was not ablated. By forming a seal, this would prevent corrosion from
initiating inside the weld. The SEM was used to investigate this aspect of the process.

Figure 38:

Spot Weld showing SEM area

Figure 39:

SEM showing different regions
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Figure 40:

SEM image of 30% paint ablated sample. Micro (top) and macro views (left, right).

Figures 39 and 40 show macro views of the 40% and 50% ablated samples, respectively.

Figure 41:

SEM image of 40% paint ablated sample. Macro views.

Figure 42 :

SEM image of 50% paint ablated sample. Macro views.
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Figures 41 shows macro views of the 60% ablation samples, while Figure 42 shows
micro views of the 70% ablation samples.

Figure 43:

SEM image of 60% paint ablated sample. Macro view.

Figure 44:

SEM image of 70% paint ablated sample. Micro view.

3.6.1 Metallography Observation


Very few voids were seen in the nugget on some of the samples. The strength of the weld
is not affected by small, infrequent voids.
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An annulus of paint is present around the weld nugget which acts as a shield to prevent it
from corrosion. Corrosion tests would be needed in future work.



Notch sensitivity increases as when there is an increase in the percent of the ablation.

CHAPTER 4
FINITE ELEMENT ANALYSIS

4.1 Computer Aided Design

Finite Element analysis for the model was done for the base metal with the laser beam
characteristics that were used for the experiments. The base metal was designed and modeled in
solid works and was imported to ANSYS workbench for the FEM analysis. Dimensions were
made as per the base metal. width, length and thickness as 3-inch,9-inch and 0.65mm thickness.
For the paint, a thin sheet of thickness 106 microns was designed and placed on the base metal
design.

4.2 Gaussian Heat Flux Distribution

The thermal simulation was first attempted in COMSOL. The Gaussian beam intensity equation
was used to solve the problem. A Gaussian pulse was simulated with the laser power and the
laser beam characteristics.
*
Where

(

)

is the power of the laser by its area (W/mm2),
R is the radius of the beam (m).
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Figure 45 :

Distribution of Gaussian Function in COMSOL.

The bell function was considered as gp1 the intensity of Gaussian beam with a standard
deviation of r/3.
The laser power was taken as 147 Watts and radius of beam was 0.3mm.
In COMSOL the heat function was taken as Gaussian pulse from the basic intensity equation.
( )

( )
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Figure 46:

Heat flux distribution in COMSOL

4.3 Basic properties of materials

For the base metal, Structural steel is taken and below figure shows the properties of it.

Figure 47:

Structural steel properties

The important properties that are considered for the paint are shown in Figure 46.
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Figure 48:

Urethane properties

The beam that was taken as loads distributing on the point which is made as a target for
the beam. But the point projection does not work when the center intensity shows a large value
around 50,000 degree Celsius temperature. To overcome the intensity distribution on point rather
than the bell function. It was modeled in Ansys and the beam was taken as a load function which
distributes on nodes.

4.4 ANSYS

This model was imported in to the ANSYS and materials were defined as structural steel
and FR-Epoxy vinyl paint and corresponding properties were assigned .The figure below shows
the different components with paint surface on top and steel at the bottom.

Figure 49 :

FEM with paint and steel component

Fine Meshing was done with 0.02 m size.
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Figure 50:

Fine meshing model

The convection properties between the paint and steel was defined with temperature 22 ,
convective coefficient as 80,and laser dwell time as 1 second. Figure above shows the meshed
model that was used in the FEM simulation.

Figure 51 :

FEM with boundary convection
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The total setup was imported in to the ANSYS mechanical APDL for solving and the
loads were applied by determining the Gaussian beam equation.

Figure 52:

Setup from work bench to APDL
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Figure 53 :

Showing nodes and co-ordinates where load is applied

The load function is defined as the Gaussian beam function and applied at the top surface
of the paint by picking up the nodes.
I
Where

(

)

is the laser beam density at the center, which is the measured laser power

divided by its area. The X and Y provide the dimension for the spot size diameter.
effective beam radius which is 0.3mm for the fiber diode laser that is considered.

is the
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Figure 54:

Applying loads at time steps window.

Time steps were taken for applying these loads. When the laser beam strikes the surface,
some fraction of the energy is reflected and the remaining portion is absorbed by the surface. In
this model it was considered that 70% of the power is absorbed by the surface for the first strike
in which it is in the solid state.
With the measured power 51W for the 200W input power heat flux value has been taken
in the form of a Gaussian beam considering laser beam characteristics and applied as a load
function in ANSYS APDL.
The Nodal temperature distribution for the input laser load is studied and the maximum
temperature on the paint surface and the steel plate was visualized. The vaporization temperature
for the paint Urethane is 400 degree Celsius. With the nodal temperature distribution the distance
between the nodes was calculated. The diameter of the spot was calculated from the extent of the
vaporization of the paint.
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Figure 55:

Ablated spot with power 200, time 3 sec

The diameter of the paint ablated area was calculated from the figure which covers the
green, yellow, orange and red part of the simulation image.
The steel part of the model was located below the paint surface and the temperature
distribution on the lower surface was observed. On the lower part of the geometry where the
temperature area lies over than 1600 degree Celsius was considered as a steel melt down area.
The spot diameter formed for this iteration was 4.2mm.
Simulations were done for various powers and times under step loading condition.
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Figure 56:

Ablated spot with power 200, time 1.8 sec

The maximum spot size that was calculated was 3.8 mm which was less than the target
output diameter 6.35mm (0.25 inch spot size).The maximum temperature value lies below the
melting temperature of the steel. From this we can say that the steel part was not affected by
these ablation parameters.
Considering these two important outputs: maximum temperature below melting point of
steel and vaporization of paint area (area above the 400 degree Celsius), several different
analyses were done by monitoring different powers with different load step times.
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Figure 57:

Ablated spot with power 200, time 0.58 sec
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Figure 58:

Ablated spot with power 200 W, time 0.58 sec

Now the power has increased to 300 W and iterations were done by changing the time.
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Figure 59:

Ablated spot with laser power 300, time 1.74 sec
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Figure 60 :

Ablated spot with power 300W, time 0.8 sec
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Figure 61:

Ablated spot with power 300 W, time 0.5 sec
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Figure 62:

Ablated spot with power 300 and time 0.3 sec
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Figure 63:

Ablated spot with 300 power and 3 sec
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Figure 64:

Ablated spot with power 400 W, 0.3 sec
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Figure 65 :

Ablated spot with 400 W and time 0.58 sec
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Figure 66:

Ablated spot with 400 W 0.8 sec
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Figure 67:

Ablated spot with 400 W power with 1.8 sec
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Figure 68:

Ablated spot with 400 W power with 3 sec

Table 3
Temperature at Different Times for Different Laser Power

temperature at different times
Laser Power

0.3 sec

0.5 sec

1 sec

2 sec

3 sec

200

290.2

404.4

547.3

857.7

1192.6

300

385.1

683.2

930.2

1466.8

2045.7

400

605.9

1085.1

1482.2

2345

3275.7
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Table 4
Spot Diameter at Different Times for corresponding Laser Power
Spot Diameter at different times
Laser Power

0.3 sec

0.5 sec

1 sec

2 sec

3 sec

200

0

0.5

1.5

3.8

4.2

300

1

3

5.1

5.5

6

400

3.2

5.9

6.3

7.2

7.5

Figure 69:

Temperature vs. time, FEA simulations
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Figure 70 :

Spot diameter vs. time, FEA simulations

4.5 FEA Observations

•

The 200 watts power laser has the capability to ablate the paint with 0.5,1,2 and 3 seconds.
But the maximum diameter is less the target output of 6.35 mm (0.25 inch diameter).The
steel is not damaged or ablated for the considered parameters.

•

The maximum power that has observed with 300 watts is 2045.7 at 3 seconds time but the
steel affected with that parameter can be neglected because the temperature distribution on
the steel surface is less than the paint surface as the paint component is placed above the
steel and laser is hitting the paint component. The temperature that formed was 1700 with
below 1mm spot diameter on the steel surface exactly at the maximum intensity
distributed location.

•

The target outputs were almost achieved with 300 power, 3 seconds and 400 power with 1
seconds, 0.5 seconds. The diameters that formed with 400 power 2 seconds and 400 power
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3 seconds were 7mm and 7.3mm diameter which is greater than the target output 6.35mm
diameter(0.25 inch spot size). The melting of steel takes place with the temperatures at
some nodes exceeds 1600 degrees Celsius.
•

The temperature that was observed on the other side of the steel which was also coated
with the paint was also vaporized and it is around 3.5 and 4mm.

•

The vaporizing of the back side is seen on the samples with 300 and 400 laser powers with
2 and 3 seconds.

In the present case, welding of the laser ablated samples with the resistance spot welder is
carried out after setting out the laser parameters to ablate the top side of the paint. The primer
that was used on the other side of the paint is electrically conductive in nature.

CHAPTER 5
CONCLUSIONS AND FUTURE STUDY

5.1 Final Conclusions

•

From the quantitative pull tests we observe that strong welds around 700 N peak load
were formed with 1.5 sec weld time samples. An increase in weld time beyond 1.5
seconds cause voids in welds (distorted welds) and cannot withstand large loads. The
peak load required to pull out the weld is decreasing and observed below 700 N.

•

Strong welds with 720 N peak load were formed with 2.25mm thickness galvanized
pieces than 700 N peak load 1.45mm thickness pieces when they are welded with
0.65mm base metal.

•

From graphs we observe that load bearing capacity increases around 20N to 50N with
every 10 percent increase in the paint ablation percentage.

•

50, 60, 70 percentage ablation samples with 1.5 weld time have high load bearing
capacity and blunt notches were observed at neck of the weld during metallography
study. Blunt notches form with large diameter nuggets and have more load bearing
capacity.

•

The weld that formed with these paint ablation parameters have a seal of paint around the
nugget which we can strongly say that they are resistive to corrosion. Increase in ablation
percentage beyond 80 may pose problems with corrosion. Increasing the area of paint
ablation leads to the paint removing around the nugget.
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•

The welding is performed for the samples below 0.25 inch diameter. Theoretical
calculation result for the spot diameter that formed with laser beam characteristic for the
3 inch stand-off distance is 0.3 inch which is 20 percent more. From the FEA the
diameter formed with 400 power and 1 second is 0.24 inch diameter which is 4 percent
below the target output.
5.2 Future Work

•

Performing FEA with different load steps by changing continuous wave modes to pulsed
laser modes to optimize the laser ablated parameters.

•

Designing new model with non-weld-able primer on either side of steel and optimizing the
best parameters to provide a global solution for any type of primer.

•

To design a fixture which holds both sheets to be joined and welding is performed with the
laser energy to join the materials and optimizing those parameters to form strong weld.
Testing the laser welded samples with Quantitative pull tests and metallographic study to
compare the data with the current work.

•

Optimizing the laser welding parameters by studying the keyhole formation through Finite
Element Analysis. Comparing these laser welds with the laser ablated resistance welds
(present thesis results) through the MTS tests and SEM analysis.
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